Despite several shortcomings such as extreme hydrophobicity, low drug capacity, characteristic triphasic drug release pattern with a high burst effect, poly(lactic-co-glycolic acid derivatives are widely used in drug delivery. Most frequent attempts to improve their properties are blending with other polymers or synthesis of block copolymers. We introduce a new class of branched poly(lactic-co-glycolic acid) derivatives as promising biodegradable carriers for prolonged or targeted drug release systems, employed as thin adhesive films, solid dispersions, in situ forming implants or nanoparticles. A series of poly(lactic-co-glycolic acid) derivatives with lower molar mass and star or comb architecture were synthesized by a simple, catalyst free, direct melt polycondensation method not requiring purification of the obtained sterile product by precipitation. Branching monomers used were mannitol, pentaerythritol, dipentaerythritol, tripentaerythritol and polyacrylic acid. The products were characterized by molar mass averages, average branching ratio, rheological and thermal properties.
branched polymers are particularly well suited carriers of drugs because of their shorter degradation time, within a few hours or days. Degradation leads to the accumulation of acidic monomers, lactic and glycolic acid, within the drug delivery device. A significant reduction in the pH of the microenvironment can increase the solubility of drugs better dissolved in the acidic environment, promote healing when applied topically, or help maintain the physiological pH at the application site (6) . Branching inherently multiplies the number of chain ends, which can be engineered to bear active pharmaceutical ingredients. A significant parameter of the branched polyesters is their hydrophilic character due to the larger number of end groups. Increased hydrophilicity may lead to increased biomimetic parameters of drug forms, above all particulate systems (7) . The presence of free hydroxyl groups available for binding water causes reduction of hydrophobicity. The triphasic drug release pattern typical of unmodified PLGA can be converted to a nearly linear kinetic profile with lower initial burst (8) . The branched structure and suppressed hydrophobicity give the materials mucoadhesive properties (9) . Direct polymerization was reported as a suitable method for preparation of high-molar-mass linear PLGA molecules (10) , however costly because of the used catalysts, subsequent product purification, and drying (11) . Nevertheless, several research groups (12) (13) (14) have employed condensation polymerizations in the synthesis of functionalized polyesters. Light scattering has become the key analytical technique of polymer analysis. Multi-angle light scattering (MALS) allows fast characterization of polymers, and their main use is that of detectors for size exclusion chromatography (SEC) or other analytical separation techniques (15, 16) . In our study, we present a series of PLGA derivatives with lower molar mass, and linear, star or comb architecture. These prospective drug carriers were synthesized by a very simple, catalyst free, direct melt polycondensation method to get polyesters of lower molar mass, and linear, star or comb architecture. Hydroxyl and carboxyl branching agents were used in order to prepare OH terminated or COOH terminated molecules with varying branching ratios. The products were characterized by molar mass averages, average branching ratio, rheological and thermal properties.
EXPERIMENTAL

Materials
Glycolic acid, dl-lactic acid, pentaerythritol dipentaerythritol, tripentaerythritol, poly(acrylic acid) (average M r ~ 2,000) solution in H 2 O (w = 50 %, m/m), and mannitol were purchased from Sigma-Aldrich, Czech Republic. Solvents were purchased from Penta, Czech Republic.
Synthesis
Polyesters were synthesized by the direct melt polycondensation method. Monomers glycolic acid (GA) and dl-lactic acid (LA) in 1:1 ratio were mixed together without or with a branching agent in a round-bottomed flask equipped with a cooler to achieve gentle reflux. Branching agents used were mannitol (M), pentaerythritol (P), dipentaerythritol (D), tripentaerythritol (T), or poly(acrylic acid) (PAA) in concentrations ranging from 0.5 to 8 % (m/m). Fig. 1 shows a scheme of PLGA branched on pentaerythritol.
The reaction mixture was gradually heated to the temperature of 160 °C under controllably increasing the vacuum provided by a rotary oil pump. At this temperature and a constant pressure of 550 Pa, the reaction continued for a total time of 20-50 h. The end of the reaction was monitored both by viscosity monitoring and based on a significant reduction of water vapour formation in a highly viscous melt.
Molar mass and branching
Molar mass distribution and branching of synthesized polyesters were characterized by a combination of size exclusion chromatography (SEC) coupled with a multi-angle light scattering (MALS) photometer and an on-line viscometer (VIS) known as triple detection.
The instrumental set-up consisted of an isocratic pump Agilent 1100, a Waters Autosampler 717, a MALS photometer HELIOS II, a refractive index (RI) detector Optilab T-rEX and a viscometer ViscoStar III. All detectors were from Wyatt Technology Corporation. Two Agilent PolyPore 300 × 7.5 mm columns were used for the separation. Tetrahydrofuran (THF) was used as a mobile phase at a flow rate of 1 mL min -1 . The samples were injected as solution in THF at a concentration of 30 mg min -1 and 100 µL injection volume.
The principle of branching characterization is based on the fact that branching decreases molecular size. Branching of polymer chains can be described by the branching ratio g´, which was introduced by Zimm and Stockmayer (17) as the ratio of the mean square radius of a branched molecule divided by the mean square radius of a linear molecule at the same molar mass. The root mean square radius (RMS), radius of gyration, needed for the calculation of g´, can be obtained by MALS simultaneously with molar mass. However, the RMS radius cannot be reliably determined below the radii of about 10 nm, which roughly corresponds to the molar mass of 10 5 g mol -1 , and thus an alternative size parameter must be used in case of smaller molecules. The branching ratio g´ calculated as the ratio of intrinsic viscosity of the branched molecule and linear molecule at the same molar mass was suggested by Zimm and Kilb (18) . The value of g´ equals the one for linear polymers and decreases with branching. Mathematically expressed, g´ is the branching ratio g to the power of the draining parameter e. There is also a simple relation between g´ and g based on the RMS radius, which is in the theoretically derived relation to the number of branch units in randomly branched polymers or the number of arms in branched polymer structures (17, 18) .
where f is the number of random length arms in star polymers. However, there is no simple way to the draining parameter e, which depends on the solvent, molar mass and the degree and topology of branching. The value of e is generally supposed to fall in the range 0.5-1.5, yet the exact number for a given polymer is mostly unknown.
An alternative semi-empirical equation was proposed by Douglas et al. (19) :
The advantage of Equation 2 is that it allows the calculation of f directly from g´ whereas the limitation is given by the fact that it was derived for long Gaussian coils, which may not be fulfilled in case of smaller branched macromolecules.
Comparison of the number of arms f calculated according to Equation 1 and interrelation between g´ and g with determination by Equation 2 shows that similar results are obtained for e ≈ 1.2, i.e., the value of e falling into the usual range.
Differential scanning calorimetry
The glass transition temperature (T g ) of the polyesters was determined by differential scanning calorimetry using a DSC 200 F3 Maia ® (Netzsch, Germany). A constant nitrogen flow (50 mL min -1 ) was maintained throughout the tests. A sample amount of ≈ 10 mg was placed in aluminium pans and hermetically sealed. An empty pan was used as reference. The sample was heated to 90 °C, then cooled to -50 °C before a second heating again to 90 °C. Both cooling and heating rates were 10 °C min -1 . The value of T g was taken from the second heating cycle at the inflection point. The measurement was made in triplicate and averaged.
Rheological characterization
Rheological properties of polyesters were measured with a KinexusPro + Malvern rotational rheometer with the cone upper geometry of 2°/20 mm (CP 2/20) and a solvent trap system. Data were evaluated using SW r-Space version 1.72. Equilibrium flow and viscosity curves at shear rates from 0.1 to 100 s -1 were obtained, and evaluated by model fitting. All measurements were made in triplicate.
RESULTS AND DISCUSSION
Synthesis
The presented procedure seems suitable for the synthesis of linear and especially branched polyesters with molar mass providing degradation within several weeks. One of the advantages is easy control of the course of the polycondensation reaction. The reaction runs satisfactorily without using a catalyst. We consider the detected increase in molecular weight by only 2 to 4 percent in the presence of the ion exchanger Dowex 50 W X8 catalyst as an insignificant difference. Products synthesized without a catalyst were clear pale yellow; polymers obtained in the presence of acid Dowex were darker, browned. Purification obviously implemented by precipitation with water from acetone solution did not have a significant effect on the molar weight parameters, and therefore we did not carry out further tests. This is very advantageous in terms of the absence of solvent residuals in final products. An important advantage is also no need of mixing the reactants by bubbling with nitrogen, as the water vapour during permanently controlled heating ensures sufficient movement of the liquid in an enclosed system. Batch mass ranged from 100 to 5000 g. A typical conversion was about 96 % and yield was 86 %. Reaction time ranging from 20 to 50 hours was influenced both by the efficiency of the pump and by the amount of reactant mixture. Based on the conditions during the polycondensation reaction (160 °C, 550 Pa, 20-50 h) and the boiling point of monomers (dl-lactic acid 122 °C, glycolic acid 112 °C), we did not expect low molecular weight molecules in the resultant product. Therefore, the products were not purified. We consider this polyester synthesis method as scalable. Table I lists Table I do not show any obvious effect of the amount of branching agents on molar mass, and the effect on the branching ratio is not conspicuous either. This can be explained by the effect of the multifunctional monomers used as branching agents. Branching generally leads to the formation of molecules with high molar mass, and the shift of molar mass distribution to higher values. In our case, we use branching monomers that bring additional functional groups. Excess of hydroxyl groups (or carboxyl groups) usually decreases the molar mass during polycondensation. This means we have two counteracting effects: (i) branching leading to higher molar masses, and (ii) excess of hydroxyl groups leading to lower molar masses. Given the same molar mass, branched molecules are more compact and elute at higher elution volumes. This effect is also evident from decreasing intrinsic viscosities, as displayed in Mark-Houwink plots (Fig. 1, Fig. 2 ).
Molar mass and branching ratio
Data in
It is noteworthy that the poly(acrylic acid) branched polymers show distinctly higher both M n and M w compared to the polymers branched with other molecules. Among the other compounds, those branched with tripentaerythritol show increased M w . This shows that the number of branching agent functional moieties affects the resulting molar mass rather than the branching agent concentration. However, use of 3 % concentration erythritol derivatives as branching agents is most beneficial in terms of products with higher molar mass. Molecules branched with mannitol display a considerably low molar mass. Plausible explanation for this phenomenon is offered by the presence of chemically nonidentical hydroxyls within the mannitol molecule. This is avoided by employing other branching agents used in this study.
At first glance, the distribution of branching in branched polymers can be evident from the comparison of Mark-Houwink plots, i.e., log-log relations between the intrinsic viscosity and molar mass. Examples of Mark-Houwink plots for several prepared samples are given in Figs. 2 and 3 . A general trend of the plots is the increasing span from the plot of linear PLGA towards higher molar masses. This indicates an increasing branching ratio with increasing molar mass as typical of randomly branched polymers. The abrupt change of the slope or downward curvature in the lower molar mass region, which is evident on some of the plots, can be explained by increased polydispersity of elution volume slices at the end of the chromatogram. Increased polydispersity is caused by the specific elution behaviour of branched macromolecules that have a general tendency to elute later due to their anchoring in the pores of the SEC column packing (20) . Fig. 4 shows that the major part of synthetized molecules have molar mass up to about 10 4 g mol -1 , and thus that the highly branched fractions are not present throughout the distribution. dent difference in the distribution of branching due to the number of functional groups of the branching compound. One of the plots is apparently affected by delayed elution, as seen from the unrealistic downward curvature at ≈ 3000 g mol -1 ; the other two plots decrease evenly starting at g´ ≈ 1, which shows the fractions with the lowest molar masses to be almost linear.
Thermal properties
There are two basic methods for characterization of the thermal properties of polymers, dynamic mechanical thermal analysis (DMTA) and differential scanning calorimetry (DSC). Although DMTA has been reported as more sensitive in detecting the T g of polymers, we have chosen DSC for the characterization of synthesized PLGA derivatives, since this method is more suited to the evaluation of miscibility of pharmaceutical blends (21) . It is known that there is significant influence of the composition of chain-end groups and molar weights of branched polyesters on T g but little effect by the polymer architecture and branching ratio (22) . DSC scans exhibit a primary relaxation referred to as glass transition at a characteristic temperature (T g ) typical of amorphous polymers (Fig. 6 ). T g values ranged from 12.4 °C for polyester 8D (M n = 1,600 g mol -1 ; g' = 0.45) to 36.1 °C for polyester 4PAA (M n = 10,900 g mol -1 ; g' = 0.42). Fig. 7a depicts the dependence of glass transition temperature on the number-average molar mass. The data do not show strong dependence of T g on M n , though an increasing trend in the T g vs. M n plot is obvious. Apparently, there is no relation between T g and the branching ratio, as evident from Fig. 7b . These findings can be explained as follows: in general, T g of oligomers increases with increasing molar mass and reaches a constant value at a molar mass of several thousands, as shown in Fig. 8 . In our particular case, the effect of molar mass is superimposed by the effect of branching. Incorporation of branch units into a polymer chain has a counteracting effect on T g , which should generally increase as the branch units decrease the chain mobility. However, the increased number of chain ends contributes to the free volume leading to a decrease of T g . Fig. 8 . Effect of molar mass on glass transition temperature (T g ) of linear polyesters (full dots are synthesized polyesters and empty dots are data for commercial Resomers ® RG 502-505).
Rheological behaviour
Despite the relatively low values of T g , PLGA polyesters are solid, very hard and brittle materials under ambient conditions. The viscosity-shear rate curve for a number of polyester melts in shear rate range from 0.1 to 100 s -1 was obtained, and the data were analysed using the Newtonian and Power Law models. The corresponding fitting parameters are given in Table II . Both models show high correlation. Nevertheless, the value of power law index n approaching one confirms the Newtonian flow. Melt viscosity of branched polyesters shows an increasing trend with increasing values of T g .
Knowledge of the rheological behaviour of polyesters is important for good processing into solid dispersions, thin films, micro or nanoparticles, and the application of formulated dosage forms. Moreover, it significantly influences the course and time of degradation, adhesion to the site of application, and drug release profile. The low T g and revelation of Newtonian behaviour of branched polyesters seem to be quite convenient particularly from the technological point of view. The required value of viscosity can be reached by only mild heating during formulation of dosage forms, gentle for incorporated active substances, for example, hot-melt extrusion as a method of formulation of solid dispersions with poorly dissolved drugs (23) . The second possibility of how to set the viscosity to the needed and constant value is by plasticizing using biocompatible, degradable, and even multifunctional plasticizers (24) .
CONCLUSIONS
Simple direct melt polycondensation without addition of a catalyst leads to a poly(lactic-co-glycolide) group of star architecture when using mannitol, penta-, dipentaor tripentaerythritol, or comb architecture using poly(acrylic acid) as a branching agent. The presented polycondensation method is readily controllable and scalable, the products obtained are sterile, and there is no need of purification by dissolution, precipitation, and drying. Basic characteristics of the obtained materials such as molar mass parameters, branching ratio, thermal and rheological behaviour are sufficiently characterized. The branched topology can be proven and semi quantified by triple detection. The Mark-Houwink plots show that for a given sample the branching ratio increases with molar mass with no obvious effect of the type of branching compound. DSC scans show fully amorphous materials. The glass transition temperature ranging from 12 to 36 °C does not depend on the branching ratio. Polymer melts at 80 °C behave as Newtonian systems; values of viscosity are in a broad range and tend to increase with increasing glass transition temperature. We assume that the PLGA derivatives with lower molar masses, branched architecture, ester or acid terminated are prospective carriers in drug delivery. 
